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UNCERTAINTY ANALYSIS FOR SECONDARY ENERGY DISTRIBUTIONS

S. A. W. Gerstl
University of California, Los Alamos Scientific Laberatery
Theoretical Division
Los Alamos, New Mexico, USA

ABSTRACT

In many transport calculations the integral design
parameter of interest (response) is determined mainly by
secondary particles such as gamma rayvs from (n,y) reactions
or secondary neutrons from inelzstic scattering events or
(n,2n) reactions. Standard sensitivity analysis usually
2llows te calculzte the sensitivities to the preoduction
cross sections of such secondarices, but an extended for-
malism is needed te also nhtein the sensitivities to the
energy distribution cf the gencrated secondary particles.

For a 30-group standard cross-section set 84% of all nen-

zero teble positions pertain to the description cf secend-

ary energy distributions (SED's) and only 16% to the actual
reaction cross secticns, Therefore, any sensitivity/un-
certainty znalvsis which does not consider the effects cf
SIID's is incemplete and nezlects most of the input data.

This pzper describes the rmethods of how sensitivity profiles
for SEL's are cbtained and uscd to estimate the uncertainty

of an intceral responee due te uncertzinties in these Sid's,
The detailed thecrv is documented elsewhere and implemented

in the LASL sensitivity code SENSIT. SED scneitivity profiles
have proven particularly valuable in crose-section uncerteinty
analyses for fusion reactors. Even vhen the productien cross
sectiens for scconcary neutrons were assumcd to be without
error, the uncertainties in the energy distribution of these
secondarics produced appreclable uncertaintics in the calcu=-
lated tritium breceding rate. However, complete error files
for SED's are prescntly nonexistent., Thereiore, methods will
he described that allew rouch error estimiotes due to csrimated
SED uncertainties hased on integral SED =ensitivities.




As the number of cross-section sensitivity &nd uncercairty analvses
(that are being performed for many specific design or research applicztions)
increzses, it 1s more and more realized that most of them are incorplcete.

In fact very eoften only the e¢ffe.ts of uncertainties in total cross sccticas
or sore othér conveniently defined composit cross sections (such as inelastic
scattering or absnrption cross sections) on integrsl design parameters (re-
sponses) are considered. However, even if the uncertainties of all partial
cross sections for all mzterilals used in the calculation were included in
such studies - which is at present not possible because of the nonexistence
of complete covariance data - the analvsis would still e incomplete because
the energy and angular distributions of secondzries from neutron reactions
which preduce secondary particles [e.g., (n,2n), (n,y), inelastic scatter-
ing, etc.] are assumed to be without error. It is the goal of this paper

to present a formzlism which will allow the incorperztion of uncertainties
in secondary energy distributicns into cross=sectlen uncertainty znalvses

by using basically the same computaticnal algorithms that are aliready avail-
ahle in cxisting anslvsis cedes.
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Figure 1 sunmzarizes the classiczl fermalism which allews the calcu-
Jaticen of an uncertaincy in any cemputed lntegral response R due to uncer-
tainties in any input parameters X; which, in this context, are tcken to be

RESPORSE R = R(Xi)

SENSITIVITY COLTFICIELT SENSITIVITY PROFILE
SR aR/R
S, = % P, = so—u (¢t per %)
X; © 3Ky Xy T SX /%
ASSUI4ING LINEAR PERTURZATICN THEORY
{(small changes)!:
aX
AR ¢
AR = sxi LX; X" Pxi X
FOR DATA UNCERTAINTIES {6X,} or Cov'(xi,xj):
Ver(R) = 9 S. S. Cov(X,,X,) :‘.\_B\z =>_‘ » D C—__‘olei,x_..)_
er( L NyTR i’y R/ AV ‘:-:i'.\:j .\:J._.\:j
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input cross-section data, e.g., a multigroup cross-section set 'ZE}. In
order to use th. 1 alism to incorperate uncertainties in secondars

energy distributa ‘ED's), we must define appropriate sensitivity pro-
files and covaria trices for SED's. TFigure 2 shows the struccuve of
a typical multigrec mutron cross-section get (gamma ravs are exciuded

for simplicity), w those data which describe the SED's are encircled.

Obviously, since fo. each incident neutron energy (index g') a vhole
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spectrun of secondaries may be produced (index g), the twc-cimensionzl
array of the scattering matrix is needed tc describe SED's, s a con-
seguence, in the 30-group structure shown in Fig. 2. 847 ¢of 211 cross-
sectiosn data descride cxuclusively SED's To convey scrme Zeeling for
possibie uncertainties in such SED date we reproduce in Fiz. 3 a com~

parison of a recently
measured seccndary neu-
ron energy spectrum- for
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Be(n,2n) with data con-
tained in INDF/3-IV. Al-
thouzh these iarge dis-
crepanciles mex be smoothed
out after the data are con-
verted into rultigroup form,
it appears nevertheless that
the data uncertainties in
SED's are considerable and
shotld not be neglected.

We shall return later to

the cuesticn =n how to quan-
these uncertainties
nvenientliv.
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with ENOF/B-IV data.

neutren ciwergy £ (energy of the sccondary particle) as

Corparisen of newly neasurcd
secondary enercgy distributicn (smooth curve)

calculated > the adioirt
exrrussion of that for Pue.
The deszuiled "ralyrical ci-
pression fer an SED sensi-
tivity pro? 11L is shown in
Fiz. 3. Taxing the incident
DEULrOR eneryy £' as a pa-
rotete? merging
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SED,.. .
variszbta, we nore that P ",(‘) puns anedn a two-dirmeasicnal arras vhich
medns thiit in a multigroub representation one mav expect cne full SED
gengitivity profile for cach encrzy arcup specifyineg the Incident ncutron
¢neray, Fren the expression In Tig, 5 it is ohee{eus tha 'can be
rhyelicalls intcrrruzed in complete analcay to Ty o the jerdentage changs
of the ruspense R duce to a ene percent chanze In the walue W7 0, 3
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SENSITIVITY ANALYSIS METHODS

FORWARD _ADJOINT

L¢=Q L'¢" =Ty

R= <65, > R =<' Q>

=<oL'e™> = <¢ Lo>

PcrosssEcr. "'@-1;;9.)“‘ PgECONDARIES = (0'.L,:¢)IR

Fig. 4. Derivation of equations for crass-
section end SED sensitivity prc f'les.

SENSITIVITY PROFILES
FOR SECONDARY ENERGY (SED) AND
ANGULAR (SAD) DISTRIBUTIONS

“D D (E) = —fd:’ fd’nfd’m-(rs.m- (r:E'E.Q+2)a(r,E' Q"

5"? Q)= -é- f d’rfdﬁf dzn'¢-(.,'.:,n)z:(r;r-:'»E.n'»n)¢(r,s',a')

One mayv &lso note
that SED sensiti-vicy
prefiles =zre alunvs
rositive, 1.e., tLher
express "zain-tcrms"
only. A specific
example of two SID
sensitivity profiles
is reprccuced ia Tig.
6, whera zlso the as-
sociated secondary
energv discritutions
Cn,. @nd 7.  for in-
<Tg bag
cldent enerpy groups
2 and 3 are shcwn with
broken lines. The

nuzhers zhove the top
histeeram indicate
uroup nurmcérs of cur

30 enerpy group struc-—
ture empleved for this
specific zanalvsie.

The two-dimensicn-
zlity of SZD sgensitivity
rrofiles and of thc
gecondary energy dis-

tributicen itsclf often
sresents an obstacle

whea uncertainties of

x FED's are to be quan-
tified in practice,
Fie.o 5. Detailed analvric eupressicns Jor cs"1_ih1Ly vhen cor-
SED iand SAD sensitiviey profiles. relations are also
Lonhidtled- As a
flret stcp to quantify SED nncertalntics, we intrcduce the concept of an
integral for a eompre-

fhensive cross-scction uncertainty
ticn of an “ntesral SID se: siLJ\ltv 6
of an Integral SED sensitivity as
this derinition is the fact tht vach socondary on
rdy he subdlvided iInto a "hLet", if.e., high-caerpy
lev=¢nergy pare by fdeatdfs the madfan eacraes
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Fig. 6. Double-differential sensitivity prefiles for the seconcary
energy distributions of Fe(n,2n) reacticns for ezch ¢nergy group of ini-
tial neutrons, per lethargy widihs of initial and final energy groups.

Since in general we have an SED for cach incident energy croun g', this
defirition of SSED %olds for all g% Tf we sbhreviate PEED (E.) with
PZ’:IS) we have X.2 &

e:; G

SED 5%
S, = E ; Cara
& R

g:l]_ g=c +]

o
!
2~
9 wn
- [T
m J
~~
(%)
b

Wwithin this ceoncept i1t follows cuite naturaily then to also define an
fntcgrsl SED uncertainty as shewn in Fig. 8, The spectral shape unger-
tainty rarancter £ may bhe cousideoved as the width of an uncertaiaty band
that cun be drawn arvund an average secendary evnergy distribution which
eneempasses @ll eredible data snailadle Sor this parsiculzr S22, Con-

seniently, 1§ the nunber of hre sooenédarios 1o i v 2od Broa Trocticn
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DEFINITION OF
INTEGRAL SED-UNCERTAINTY “{*
(SPECTRAL SHAPE UNCERTAINTY PARANETER)

. 12=g,
%2+9¢" % iz 3n)

Y03

%40t a

T %coLp

-I——_——_—L

"median

80' iflfg<g,

—_— )
o, —fifg> Om

Fig. 8. Intcrpretation of integral SED uncertainty zs spectrum shape
naerturbation.

f of all seccndaries, while the nuiher of cecld seccndariles 1s decreased
by this sare nuaber, then f quantifies only the uncertainty in the shape
of the SED while the total number of secondarics, ?.e., the necrmalizztion
of the SED remains unchanged. Thus f mev also be Interprcted as a measure
fior a spectrum shape pirturbation vhich can be wricten as

i, (+f,ifg_<_g

I - R & m (3)
: - f

Jg.ég l fg' 1t g > g

Returning for a moment tc our original gcal. namely to trecat SED un-
certainties within the same formalism than créinarv cross-csectiecn uvncer-
tainties (compare Fig. 1), we are attenptiag to prepegate SED changes
“te g respeonse change via an equatien of the fern

i

iR SED “Tgpteg
2R a P Y L
(R )‘}:], E ;-"51 -..|.._'v ( )
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if{ a gpectru:n perturbation I: . is considered. Insarting Eq. (3) inte
Ec. (4) and using Eq. (2) we gbt§i1

(R’s-n Z g5t o (5)

vwhich is exactly analeg te the classi: equation used to estimate the uf-
fects of a reaction cross-section per:zurbaticn on a response R. Cecntinuing
the ciact analogy we can infer from Eq. (5) inmediately the formalism re:-
guired to treat correlated uncertzinties. Let us denote with f;, the value
of f for a spacific nuclear resction, e.3., (n,2n), at a speciiic incident
neutron energy, e.g8., Bin = 2, &nd let f4 correepond to some different
reaction/energy combination, then the uncertainty in R due to correlated
uncertainties of gll SED's considered for cne specific isotope is given by

, \2
(%) - ar(Rz Z -: SET c.;,\-(fi.f,) . (6)
‘ SED R :

'_I-

an illustration of how the values of T may be cbtained by an eval-
vater who has N Independent measurenents of the same SED available is

shown In Fiuw. 5. Mulr/ Fas written 2 short FORIRAN program $PEC which

cerZorms these Fd*grical
FOR n=1,.,N INDEPENDENT MEASUREMENTS OF o, : crerations on a set of imput
XS-EVALUATOR ASSIGF.S V.EIGHTS w,_, THEN SRETgY Fpactrs.

Figure 10 summarizes
LD _ the five steps necessary to
= , WHERE f -zwf =0 rerform a quantitati\-e un-
o n certainty znzlvsis for SED's.
— - n=1 The most difficult and time
ﬂ Varlf) = ({—1)2 = 12 ccasuzing part is lisced as
2 Step 3 which requires a
N (q" -a ) cross-sectien evaluarion to
- z w HOT — ZCOLD estzblish the numerical
n o values for fy. OQur prelin-
n=1 inary calculaticens and eval-
uations indicite that for a
ne fusion reacier design prob-
. lem (1s eV neuireon scurews)
‘here the Tespenyoes @re
takén to be totzl tritium prediiction and nuclear Hrnt*-;, thae integral
€20 wuasitivitics Sy rvange Tras 0,03 e 0.5 vhile the Intoaral SED wn-
cvertainties f, are oI the orier of 0.5 te 1.0,

0“ _n
HOT

rt
.

Fiz. 9. A sample evaluaticon of
spectrel shore uncertainty paramerer
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SED-UNCERTAINTY ANALYSIS prosented here, reculres

(SUMMARY) a2 mwinizum ¢f zidfiticnzl
conputations =nd allows
1) COMPUTE E_ ... ORg_ FOR ALL SED% rcugh estimates of saectral

fipe uncertzinties to be
considered guanzitatively,
If the correlaticns of the
~Z-—p= REQUIRES SENSITIVITY ANAL. f4's are unknecwn, certain
conssrvative assumpticns
3) OBTAIN SPECTRAL SHAPE PARAMNETERS fi FOR SED’s av be made to c¢dtain at
least an upper limit esti-
~Z—p REQUIRES XS-EVALUATION mate for Var(R) as outlined
in Ref. 3. 1IZ higher pre-
4) CONPUTE Covlf,, fi) FOR SPECIFIC REACTIONS AMID cision might be desired

2) COLPUTE INTEGRAL SENSITIVITIES §SED

SED's OF INTEREST than the present model is
adle to give, 22 extension
AR\ 2 seD (seD of the hot/cold subdivision
5) COMMPUTE (—) = 2 S, Covif,, H of SED's appezrs straight-
- R /sep e i farward to the soint vhere
ol fndiridual enerzy greups
Tig., 10. A five-steD surmary o cer- av be considered. Also.
form SZD uncertainty analwvsis. ;t is clear thzr this for-

malign 1s not restricted in

1is arplication to secuvndary energy éistritutions but can be applied to
quantiiv any spceiral shepe uncertainries, e.g., that of the fission
sfectrun
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